We report here the first synchrotron radiation (SR)-based X-ray absorption fine structure (XAFS) spectra for Os at L III -edge in geo-and cosmo-chemical materials. Samples were Negrillos meteorite, a II-A type iron meteorite, and a Pt ore specimen, aggregates of coarse grained Pt-Fe alloys, from the Chocó district, Colombia. X-ray absorption near-edge structure (XANES) spectra of Os are presented for Negrillos, which has an Os abundance of 65 ppm, as well as for the platinum-group mineral (PGM). The XANES spectra showed that Os in the iron meteorite and the PGM chiefly exist as a metallic species.
INTRODUCTION
The chemical-state of elements is important for understanding geo-and cosmochemical processes and for clarifying the origin of geo-and cosmochemical samples and their formation environments. There have been many studies of the speciation of major elements, such as Fe, using Mössbauer spectroscopy (Hawthorne, 1988) , but it has been difficult to study the chemical state of trace elements (<1%) in natural rocks. Recent advances in X-ray absorption fine structure (XAFS) using synchrotron radiation (SR) have allowed us to conduct the speciation of trace elements such as Zr, Ce, and Eu in natural rocks doubtedly affects its behavior. There have been no detailed studies using XAFS on the chemical states of Os in natural rocks, such as oxidation state and local atomic structure around Os atoms. Speciation of Os in natural rocks is essential for evaluating the distribution and geochemical behavior of Os at the Earth's surface and interior.
In this study, XAFS spectroscopy was applied to the speciation of Os in two natural samples. A XAFS spectrum consists of two regions, X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), which provide different information. XANES may provide the oxidation state and symmetry of a given element, and EXAFS spectra provide information on the local coordination environment of an element. As natural samples, one PGE alloy and one IIA-type iron meteorite were chosen. We report here the successful application of XANES to the speciation of trace Os incorporated in a platinum-group mineral (PGM) and an ironmeteorite (Os: 65 ppm) to determine the oxidation state of Os. In addition, EXAFS was successfully used to determine the local structure around Os in the PGM.
SAMPLES AND ANALYTICAL METHODS

Samples
Negrillos, a II-A type iron meteorite, and one Pt ore from the Chocó district, Colombia, were employed. Sample compositions determined by EPMA (JEOL 733) for the Negrillos are given in Table 1 , together with the Os, Ir, and Pt abundance data for Negrillos reported by Horan et al. (1992) and Wilson et al. (1997) . Morgan (1971) showed that hexahedrite Negrillos has the highest Os abundance among reported meteorites, referring to the average Os concentration of 50 ppm for meteorite from Herr et al. (1961) . Horan et al. (1992) and Smoliar et al. (1996) reported Os concentrations of 65 ppm for Negrillos, confirming that it has the highest Os content among iron meteorites analyzed to date (from 30 iron meteorites by Smoliar et al., 1996 , and 12 iron meteorites by Horan et al., 1992) . Moreover, the group IIA iron meteorites, to which Negrillos is belongs, are magmatic products and exhibit the widest range in Re/Os ratios among all the iron meteorites (Smoliar et al., 1996; Shirey and Walker, 1998) . The Negrillos sample was sliced to about 200 µm in thickness to reduce the scattering Xrays from the Fe-Ni alloy.
A chip of a Pt ore specimen (~5 mm) from the Chocó district was used for the XAFS measurement. The Chocó district is well known for the production of Pt from placers, having been the primary source of Pt for over 200 years before the advent of hard rock mining in South Africa and Canada in 20th century (e.g., . The Pt ore in the Chocó district consists of coarsegrained Pt-Fe alloys recovered from tributaries near zoned-type ultramafic-mafic intrusions, so-called Alaskan-type intrusions (e.g., Weiser, 2002) .
Four Os reference materials, Os metal, Os(II)S 2 , OsCl 3 , and OsO 4 , were also employed to observe the chemical shift of the absorption edge caused by differences in the Os oxidation state and symmetry. For commercially available compounds such as Os metal, OsCl 3 , and OsO 4 , each reference sample was diluted to 1 wt.% by addition of SiO 2 powder and pressed into a pellet under Ar atmosphere for XAFS analysis. The OsO 4 was doubly sealed in a polyethylene bag to prevent OsO 4 vapor from escaping due to its high volatility. The sample of OsS 2 (erlichmanite) was collected from the residual laterite covering the Freetown Igneous Complex in Sierra Leone. The occurrence and the composition of the sample are described in .
Analytical methods
XANES and EXAFS spectra for all the samples were measured at beamline BL01B1 of SPring-8 (Hyogo, Japan). The incident X-ray beam was monochromatized by a Si(111) double crystal monochromator, and the beam size at the sample position was less than 1 mm × 1 mm. Osmium L III -edge (10.858 keV) XANES and EXAFS spectra were recorded at room temperature in a transmission mode using ion chambers or in a fluorescence mode using a 19 element Ge semiconductor detector (SSD). In the latter case, the detection system consists of amplifiers (ORTEC572), single channel analyzers (SCA, ORTEC500), and scalers (ORTEC974). SCA windows were tuned to selectively detect Os Lα fluorescence selectively. The total photons entering the detector were kept lower than 100 kcps by adjusting the distance between the SSD and the sample.
The XANES spectrum for the Negrillos meteorite was recorded with a 0.3 eV step (2 sec for 1 point) 11 times, *Horan et al. (1992) . ** Wilson et al. (1997) . and averaged. In order to reduce the intensity of X-ray fluorescence from major elements of Fe and Ni in Negrillos, aluminum foil was placed between the sample and the SSD for the Os L III -edge XANES measurement. The XANES spectra for the other samples were typically recorded with a 0.5 eV step size (2 sec for 1 point) around the L III edge of Os. The energy range for EXAFS measured was 10.36-11.96 keV.
XANES and EXAFS data analysis
The X-ray absorption (É) defined as É = I F /I 0 (I F : fluorescence X-ray intensity; I 0 : incident X-ray intensity) was plotted against incident X-ray energy. Dead time corrections were made for the SSD counting. Individual scans were averaged after the correction for dead time.
For the XANES data, the background absorption was subtracted using a linear function estimated from a preedge region for the spectra obtained by fluorescence mode, while Victoreen equation was used for the spectra obtained by transmission mode. After removal of the preedge, the spectra were normalized to unit absorption at a post-edge region.
EXAFS data were analyzed using REX2000 ver. 2.3 (Rigaku Co.) with parameters generated by FEFF7.0 (Zavinsky et al., 1995; Ankudinov and Rehr, 1997) , for which initial structural data provided by ATOMS (Ravel, 2001) were used. After background subtraction and normalization, the smooth L III -edge absorption of Os free atoms was removed using five cubic splines. The energy unit was transformed from keV to Å -1 to produce the EXAFS function χ(k), where k (Å -1 ) is the photoelectron wave vector given by 2 0 2 m E E h − ( ) / (E: the energy of the incident X-ray; E 0 : the threshold energy). The E 0 value was determined from the maximum value in the first derivative of χ(k) in the absorption edge region. The k 3 -weighted χ(k) function was Fourier transformed from k (1/ Å) space into R (Å) space to give a radial structural function (RSF) in the k (1/ Å) range 2.80 Å -1 < k < 8.65 Å -1 for the Chocó sample. In this study, the k-region for the Fourier transformation was determined at the point where k 3 χ(k) was approximately zero. Back Fourier transformation was performed for the first shell of RSF in the R range 1.51 Å < R < 2.73 Å for Chocó sample. The theoretical EXAFS function was fitted to back transformed k 3 -weighted χ(k) functions using FEFF7.0. The EXAFS analysis gives the coordination number (N), the interatomic distance between absorber (A) and scatterer (S) atoms (R A-S ), the Debye-Waller term (σ 2 ), and the energy offset (E 0 ). The maximum number of parameters for EXAFS fittings (N free ) are defined by N free = (2∆k·∆r)/π (Stern, 1993) , where ∆k and ∆r are k region (1/ Å) of Fourier transformation and R region (Å) of back Fourier transformation, respectively. The calculated N free for Chocó sample was 6.
In order to confirm whether our experiments and EXAFS analyses using FEFF are correct, the EXAFS spectra of Os-metal and OsS 2 were also measured as reference materials. The accuracies in the fitted parameters were estimated to be ±0.02 Å for R, ±20% for N, ±20% for σ 2 (O'Day et al., 1994) . The quality of the fit was given by the goodness-of-fit parameter R, defined by
where χ(k) obs and χ(k) cal are experimental and theoretical data points, respectively. Figure 1 shows Os L III -edge XANES spectra for the Pt ore in PGM in the Chocó Distict and Negrillos iron meteorite, together with those for the four Os species references. The white line peaks for OsO 4 , OsCl 3 , Os(II)S 2 , and Os-metal were observed at 10.871, 10.869, 10.868, and 10.867 keV, respectively (Fig. 1) . The shift in the peak position of the XANES spectra, which is common in XANES for many other elements, is explained by the different oxidation state and symmetries around Os in the reference materials. It is suggested that the peak position at higher energy reflects Os at higher oxidation state.
RESULTS AND DISCUSSION
XANES analysis of Negrillos iron meteorite and Pt ore in the Chocó Distict
The XANES spectrum for Os in the Chocó specimen showed quite similar features to that for the Os-metal such as peak position of white line at 10.867 keV, a shoulder at 10.886 keV, and a broad peak around 10.890 keV. These results confirm that Os is present as a metallic phase in the alloy. The peak energy of white line of Os in the Os L III -edge XANES spectrum of Negrillos is identical to that of Os-metal (Fig. 1) . In addition, the XANES of Negrillos has a shoulder around 10.886 keV, which is similar to Os-metal and the Os in the Pt ore from the Chocó district. These results support the conclusion that Os is incorporated in a metallic phase in Negrillos.
It is possible that iron meteorites can provide information on the chemical composition and the evolution of Earth's core, as well as mantle-core interaction. Partitioning of Os between the mantle and core could largely depend on the chemical state of Os, particularly Os-metal or Os-sulfide. There have been no data on the chemical speciation of Os in iron meteorites. Our present data suggest that Os in the core may be mainly in metallic form, which may give a constraint on models for evolution of the Earth's core.
EXAFS analysis of the Pt ore from the Chocó sample
The local structure of Os in the Chocó sample was examined using Os L III edge EXAFS spectroscopy. The quality of EXAFS spectrum of Os in Negrillos was not good enough to yield interatomic distance because of its low Os abundance. Figure 2 shows the k 3 -weighted EXAFS spectra of Os in the Os metal, OsS 2 , and the Pt ore from the Chocó district. The EXAFS function, k 3 χ(k), of Os L III -edge was not obtained up to high k range (~12 Å -1 ), as the EXAFS spectrum of Ir L III -edge at 11.21 keV interferes with that of Os L III -edge in the higher k region in the sample.
First, the FEFF analyses of Os-metal and OsS 2 reference materials are discussed. Figure 3a shows the k 3 -weighted EXAFS spectra and a fitted curve using FEFF for Os-metal employed as a reference material. The structural parameters given by the EXAFS are shown in Table 2 . The calculated Os-Os interatomic distance (R Os-Os : 2.694 Å) and coordination number (N = 11.5) determined by the analysis of the Os-metal reference are consistent with the average Os-Os bond length of 2.701 Å for Os metal determined by X-ray diffractometer and its coordination number (N) of 12 (Swanson and Ugrinic, 1955) . OsS 2 reference material yielded the distance of 2.337 Å between Os and S (Fig. 3b) and the coordination number of 5.6. The values are again comparable with the reported values of 2.351 Å and N = 6 based on a crystallographic study by X-ray diffraction (Stingl et al., 1992) . These results confirm that our experiments and structural analysis by FEFF 7.0 are acceptable.
The radial structural functions (RSF) obtained by the absolute values of Fourier transforms of k 3 -weighted EXAFS are shown in Fig. 4 . Comparison of the RSF of the reference Os metal and the Chocó sample indicates that the distance to the first neighboring atom of Os in the Chocó sample is similar to that in Os metal. The k 3 -weighted EXAFS functions obtained by Fourier backtransforming and calculated data using FEFF are shown in Fig. 3c . The XANES analysis showed that Os is in a metallic form in the Pt ore from the Chocó district. Based on this information, Os, Ir, Pt, and Ru are considered as neighboring atoms, which were found in the zoned type PGM samples .
The EXAFS spectrum of Chocó sample was initially fitted by Os shell (Fig. 2) , the initial parameter of which was obtained by FEFF based on a model where Os (N = 12; hexagonal) was considered as first neighboring atom. Optimized parameters show the coordination number of 11.7 and interactomic distance of 2.693 Å ( Table 2) . The values are comparable with those of Os metal (N = 12; R Os-Os = 2.701 Å). The EXAFS spectrum can be also fitted by a model assuming Ir as the first neighboring atom to the absorber Os (Table 2) , where Os was treated as a doped atom in the cubic structure of Ir with the coordination number of 12. The optimal Os-Ir distance (=2.694 Å) is reasonably close to the theoretical distance of 2.708 Å based on the metallic bond radii of Ir (1.358 Å; Swanson and Ugrinic, 1955) and Os (1.351 Å). The results suggest that either bonding of Os-Os or Os-Ir is acceptable since EXAFS cannot distinguish atoms having similar atomic numbers. The EXAFS spectra can also be fitted by the parameters assuming Pt (N = 12; cubic) in the first shell. However, the Os-Pt distance determined (2.693 Å) is slightly shorter than the sum of the metallic bond radii (2.738 Å) of Os (1.351 Å; Swanson and Ugrinic, 1955) and Pt (1.387 Å; Swanson and Tatge, 1953) . Finally, hexagonal Ru (N = 12) was considered as the atoms in the first shell, but the EXAFS cannot be fitted by the model. These combined results suggest that Os and Ir are the main first neighboring atoms of Os, but Pt and Ru are unlikely.
The possibility that main species of Os is sulfide in the Chocó sample was rejected by EXAFS analysis. If Os exists as a sulfide in the ore, distinct differences would be found in the interatomic distances given by EXAFS. The RSF for OsS 2 shows a peak around 1.8-1.9 Å (Fig. 4b) , which locates at shorter R than the peak for the PGM. In addition, XANES spectrum of the PGM sample was different from that of OsS 2 (Fig. 1) . These results suggest that sulfide is not main Os species in the sample.
If Os is dissolved in Pt-Fe alloys, Pt should be the neighboring element of Os. The proposed interpretation requires Os in the alloy forms separate phase(s). This is supported by common occurrences of native osmium and iridosmine within Pt-Fe alloys (e.g., Cabri, 2002) . Based on the crystallographic orientation of Os and iridosmine, it has been proposed that there is a miscibility gap between Pt and Os (e.g., Cabri, 2002) . Our results confirm that Pt-Fe alloys have limited solubility of Os and that Os exsolved from Pt-Fe alloys forms own phases.
Identification of the host mineral of Os is essential for understanding Os partitioning in the Earth, as Os is normally incorporated into rocks as a minor component.
Errors in the fitted parameters were estimated to be generally ±0.02 ≈ for R, ±20% for N, ± 20% for σ 2 (O'Day et al., 1994) . 
CONCLUSIONS AND SUMMARY
This is the first study where the chemical state of Os in natural rocks has been determined using the XAFS technique, which consists of EXAFS and XANES. It has shown that EXAFS is a useful method for identifying the closest neighboring atoms to Os, which will contribute to the identification of the host phase of Os in rocks. Neighboring atoms of Os were concluded to be alloys of Os and Ir in the Pt ore from Chocó Dist by EXAFS analyses. The possibility that main Os species is sulfide in the PGM was rejected by EXAFS and XANES data. XANES is also a powerful technique for studying the speciation of trace elements in natural rocks. The XANES spectra clearly show that Os in the PGM exists in the metallic state. Moreover, it must be noted that XANES was obtained for trace amounts of Os (65 ppm) in Negrillos, showing that Os is incorporated in a metallic form in the iron meteorite. This information may help us to understand the distribution and behavior of Os in the Earth's core and mantle. Further application of similar techniques to other rocks by future studies will give us important geochemical information on Os behavior. 
